ABSTRACT
INTRODUCTION
The resonance phenomena are due the oscillation among the conservative components installed or in any case present in an electric circuit. These events can be very dangerous in an electric system because they can cause high overvoltages that can damage the various appliances. These phenomena can take place mainly for two reasons. The first one is due to the presence of harmonic in the circuit at a frequency close to the resonance one. The second one occurs during a transient event that causes the system oscillation at its natural frequency. The difficulty in evaluating the resonance frequency arises in the knowledge of the exact values of the RLC parameters and their connection in the circuit. Many of them are well known because they are foreseen during the design process, such as the series and magnetization inductance of the transformers, the capacitance of the power factor corrector and so on. But a great part of them is unpredictable because it depends on the real installation of the various appliances, the connection cables and their working conditions. In fact, these factors can cause leakage effects, such as series inductance and line to ground capacitance, that can change the natural oscillation frequencies of the system in a region close to the resonance phenomena. The aim of this paper will be the analysis of a radial distribution system during transient events (e.g. its energization) in order to identify the relevance of the various leakage parameters that can affect the resonance problem.
MODEL OF THE DISTRIBUTION SYSTEM
In this paragraph, the modelization of a distribution system will be presented. In particular, deeply models are defined for the circuit breaker installed in the main switchboard, the cables of the MV line and the power transformer. The other devices, such as the equivalent network upstream the switchboard, have negligible effects on the fast transient phenomena object of this study.
The system model has been implemented using ATP/EMTP, simulation program for the electromagnetic transients of electric and electronic circuits.
Main switchboard
In this study we suppose that the main switchboard is supplied by an equivalent MV network modelled with its equivalent Thevenin circuit. After the MV busbar, each line is protected by a typical vacuum circuit breaker employed in MV distribution systems. In order to have a functional model of the vacuum circuit breaker, we have been referred to the international literature, in which various models have been found. Considering these papers [1] [2] [3] we have defined a complete model that implements the following phenomena:
• arc resistance during the switch off; • reignition of the arc during the switch off; • chopping of the current during the switch off; • asynchronous closure and opening of the three pole.
Distribution cables
The model employed for the MV distribution cable, that connect the power transformer to the main switchboard, is the p-greek one, considering a maximum length for a single section up to 10m. The model takes into account a three phase line constituted by three single core shielded cables laid in metallic cable pipe, as depicted in Fig. 1 . The p-greek model considers all the auto and mutual inductances and capacities between the three cores and the three screens. In order to find the correct parameters of the line model, represented with the auto and mutual inductances, resistances and capacities, a finite element (FEM) analysis has been carried out.
The results of the FEM analysis are shown in Table 1 and  Table 2 in which the series and shunt parameters values are respectively reported. 
Distribution transformer
The distribution transformer considered in this system is a typical one employed in multilevel distribution systems. In the following the EMTP model during transients is described. If a disturbance occurs on the primary side of a distribution transformer, then the network behind that transformer, plus the transformer itself, is usually represented as a voltage source behind R-L branches. Since the transformer inductances tend to filter out the high frequencies, such a low-frequency R-L circuit appears to be reasonable. For this reason, the transformer is modelled in EMTP using a star circuit representation, which uses matrices [R] and [L] -1 with the alternate equation Extra nonlinear branches are needed to include saturation effects and extra resistance branches to include excitation losses. The extra capacitances added in the transformer model have been evaluated through a dedicated FEM analysis. The equivalent circuit is shown in Fig. 3 , in which all the series and shunt parameters are represented. The main parameter values of the transformer equivalent circuit are reported in Table 3 . 
SIMULATION RESULTS
The system constituted by an equivalent generator that feeds the main switchboard, a three-pole vacuum circuit breaker, a three-phase cable line and a power transformer has been simulated in EMTP environment. The analysis has been focused on possible resonance phenomena that can occur during the energization of the distribution system in no-load condition. In particular, these phenomena can happen when inductive loads, such as power transformers or The resonance condition depends on the values of the conservative elements that characterize the power system, as the cable capacitance and transformer leakage and magnetizing inductances. The variation of the natural oscillation frequency due to the variation of leakage parameters can determine resonance phenomena inside the transformer. These ones can origin overvoltages during transients, as switch-on during the energization, especially if the transformer is in no-load condition, i.e. without any damping due to the loads. For these reasons, the detailed modelization of the various components presented above have been used. In order to highlight the relation between leakage parameter and the overvoltages, the energization of a distribution system has been deeply studied and simulated for various cable lengths, from 10m to 250m. For each length the voltages on the primary and secondary sides have been recorded. For a more realistic simulation, the asynchronous closure of the three contacts of the vacuum circuit breaker has been implemented at time 11ms, 12ms and 13ms for each phase respectively. (b) Fig. 4 -Voltages on the primary (a) and secondary (b) sides of the distribution transformer during the energization.
As it can be seen from Fig. 4 , the transient spikes on the three voltages occur during the first energization, just after the closure of the second contact. The distortion of the secondary voltage is due to the high absorbed current during the inrush. As reported above, the amplitudes of these spikes have been recorded for various cable lengths; the results are reported in Fig. 5 and Fig. 6. From Fig. 5 it is possible to note that the transients overvoltages on the primary side tends to diminish increasing the cable length. This is due to the damping action caused by the line-toground capacitances that increase with the cable length. On the contrary, the behaviour of the secondary voltage is significantly different due to resonance phenomena internal to the transformer. Indeed, Fig. 6 shows that the maximum overvoltage happens when the distribution line is about 150m long. Analyzing the natural oscillation frequencies during the transient (Fig. 7) of the primary and secondary side voltages, it is possible to note that in correspondence of the maximum overvoltage (150m) they are very close. This indicates that the transient on the primary side causes a resonance among the transformer leakage parameters. Otherwise, in the case of shorter cables, the natural oscillation frequency on the primary side is greater than the secondary one due to the lower line-to-ground capacitance, as depicted in Fig. 8 
CONCLUSIONS
In this paper the effects of leakage parameters on the resonance phenomena have been analyzed. In particular, a MV distribution system in different configurations has been studied, considering various cable lengths of the distribution line. Due to the particular study, the various components have been modelled in detail taking into account all leakage inductances and capacitances, that influence high frequency transients. From the carried out simulations it is possible to note that the system configuration has significant impact on the maximum overvoltages that can occur during the energization. The length of the cable line that connect the main switchboard to the power transformer changes the natural oscillation frequency on the primary side, causing internal resonance to the transformer that can amplify the voltage spikes during the transient events. From this analysis it is possible to determine a critical length to evaluate case by case, for which the overvoltage is maximum. In this condition the natural frequencies of the primary and secondary systems are very close. These results point out the way for a correct installation of the inductive loads, such as transformers and asynchronous machines, subjected to frequent transient events as repeated energizations or power converter switching.
